Proactive identification of chemicals with skin sensitizing properties is a key toxicological endpoint within chemical safety assessment, as required by legislation for registration of chemicals. In order to meet demands of increased animal welfare and facilitate increased testing efficiency also in nonregulatory settings, considerable efforts have been made to develop nonanimal approaches to replace current animal testing. Genomic Allergen Rapid Detection (GARD TM ) is a state-of-the-art technology platform, the most advanced application of which is the assay for assessment of skin sensitizing chemicals, GARD TM skin. The methodology is based on a dendritic cell (DC)-like cell line, thus mimicking the mechanistic events leading to initiation and modulation of downstream immunological responses. Induced transcriptional changes are measured following exposure to test chemicals, providing a detailed evaluation of cell activation. These changes are associated with the immunological decision-making role of DCs in vivo and include among other phenotypic modifications, up-regulation of co-stimulatory molecules, induction of cellular and oxidative stress pathways and xenobiotic responses, and provide a holistic readout of substance-induced DC activation. Here, results from an inter-laboratory ring trial of GARD TM skin, conducted in compliance with OECD guidance documents and comprising a blinded chemical test set of 28 chemicals, are summarized. The assay was found to be transferable to naïve laboratories, with an inter-laboratory reproducibility of 92.0%. The within-laboratory reproducibility ranged between 82.1% and 88.9%, whereas the cumulative predictive accuracy across the 3 laboratories was 93.8%. It was concluded that GARD TM skin is a robust and reliable method for the identification of skin sensitizing chemicals and suitable for stand-alone use or as a constituent of integrated testing. These data form the basis for the regulatory validation of GARD TM skin.
There is a general agreement regarding the key biological events underlying skin sensitization, which have been continuously and extensively reviewed (Adler et al., 2011; Ainscough et al., 2013; Kimber et al., 2011; Martin, 2015; Martin et al., 2011) . The existing knowledge of the chemical and biological mechanisms associated with skin sensitization has been summarized in the form of an Adverse Outcome Pathway (AOP) (OECD, 2014) . The AOP describes the sensitization process by the definition of 4 key events (KE). In order, KEs include: (1) the covalent binding of a sensitizing chemical to endogenous proteins, a process also referred to as haptenization, (2) the induction of inflammatory responses in keratinocytes, (3) the activation of dendritic cells (DC), allowing for cell migration, antigen presentation, and attenuation of downstream immunological pathways, thus bridging the innate and specific immunity of the host, and (4) the priming and subsequent proliferation of specific T cells.
Assessment of skin sensitizing activity of chemicals initially required the use of laboratory animals. The classical methods based on guinea pigs, the Guinea Pig Maximization Test (GPMT) (Magnusson and Kligman, 1969) and the Buehler Occluded Patch Test (Test Guideline [TG] 406) (OECD, 1992) , study both the induction and elicitation phases of skin sensitization. A murine test, the Local Lymph Node Assay (LLNA, TG 429) (OECD, 2010) has gained acceptance as gold standard, because it provide advantages over the guinea pig tests in terms of animal welfare and predictive performance, whereas also having the ability to evaluate the relative potency of skin sensitizing chemicals, measured as a function of the lowest concentration of chemical required to trigger a certain level of T cell activation. However, driven by legislation (EC, 2006; EU, 1976) , public opinion, and economic interests, nonanimal alternatives have become mandatory in predictive toxicology in general, and for skin sensitization testing in particular.
Recently, mechanistically based in chemico and in vitro test methods have been described and validated. These methods include the Direct Peptide Reactivity Assay (DPRA) (Gerberick et al., 2004) , the Keratinosens assay (Natsch, 2010) , and the h-CLAT assay (Ashikaga et al., 2006) , addressing the first, second, and third KE of the AOP, respectively. These methods are currently available as OECD test guidelines TG 442C (OECD, 2015) , TG 442D, which also include the LuSens assay (OECD, 2018a) and TG 442E, which also include the U-SENS and IL-8 Luc assays (OECD, 2018b) . In addition, a TG is currently being drafted for the Sens-IS assay (Cottrez et al., 2015) .
However, information generated with the above-mentioned methods are not regarded as being sufficiently predictive for use as stand-alone tests for the identification of skin sensitization hazards and the current view is that more than 1 KE has to be monitored for safe hazard assessment. Rather, Defined Approaches (DA) in the context of Integrated Approaches to Testing and Assessment (IATA) are proposed as currently being the best paradigm for nonanimal testing (Casati et al., 2018; Hartung et al., 2013) . Furthermore, none of the methods presently embraced by OECD guidelines are considered to allow potency-associated subclassification of sensitizers into categories 1A and 1B as defined by UN GHS (UN, 2009). For these reasons, the need for complementary in vitro assays to assist in these predictions remains unfulfilled, and the room for improvement in terms of predictive accuracy in next-generation methodologies remains substantial.
The Genomic Allergen Rapid Detection (GARD TM ) assay for assessment of chemical skin sensitizers (GARD TM skin), was conceived by whole genome analysis of human DC-like cells following chemical exposure. A predictive genomic biomarker signature, comprising genes associated with, eg, xenobiotic recognition, antigen presentation and co-stimulation, and induction of cellular and oxidative stress pathways, was established (Johansson et al., 2011) . The methodology has since been transferred from a whole genome technological platform to the Nanostring nCounter system (Geiss et al., 2008) , a resourceeffective gene expression readout system well suited for streamlined standard operating procedures (SOP) and widespread implementation (Forreryd et al., 2014 (Forreryd et al., , 2016 . Furthermore, the GARD TM skin assay has been shown, in a series of publications and industry-sponsored collaborations, to provide high levels of predictive accuracy (Forreryd et al., 2016; Johansson et al., 2014 .
Here, we describe the validation study of GARD TM skin, based on an inter-laboratory ring trial, and report performance parameters of the method, including transferability, reproducibility, and predictive capacity. This publication constitutes a summary of the validation report that has been submitted to ECVAM and is currently in review of validating bodies.
MATERIALS AND METHODS
Participating organizations and structure of the study. The study was initiated by SenzaGen AB (Lund, Sweden), which acted as lead laboratory throughout the validation process. 3RsMC (Lyngby, Denmark) acted as validation manager, and formed a validation management group (VMG) with Adriaens Consulting (Aalter, Belgium) and Triskelion (Zeist, Netherlands). The overall purpose of the VMG was to define, guide, facilitate, and evaluate the validation process, although ensuring compliance with the EURL-ECVAM modular approach to validation (Hartung et al., 2004) and with the OECD Guidance documents (GD) on the validation and international acceptance of new or updated test methods for hazard assessment, as defined in OECD GD Nos 1 and 34 (OECD, 2005 (OECD, , 2009 . Two naïve laboratories, Burleson Research Technologies (BRT, Morrisville, North Carolina), and Eurofins BioPharma Product Testing Munich GmbH (Eurofins, Planegg, Germany), were recruited. In addition, the 2 naïve laboratories were assisted in application of the technical readout system by Covance Genomics Laboratory (Redmond, Western Australia), and KIGene (Karolinska University Hospital, Stockholm, Sweden), respectively. The study was composed of a training phase, a transfer phase, and a validation phase. During the training phase, naïve laboratories were given hands-on training in all aspects of the GARD TM skin SOP. Initial training was followed by an opportunity to provide feedback on the SOP, which was incorporated in a revised document. Following training, the transfer phase was performed using a set of nonblinded chemicals, giving the naïve laboratories the opportunity to demonstrate proficiency in all aspects of the protocols. Once the validation phase commenced, the revised SOP was locked for any further changes, all communication between the lead and naïve laboratories ceased and each participating laboratory individually assessed a larger set of blinded chemicals. Each laboratory performed 3 independent experiments, in which all blinded test chemicals were assayed. The coding of test chemicals was unique for each participating laboratory, and for every independent experiment within each laboratory. All data were reported to the VMG, which evaluated and summarized the results which form the basis of this report. The true identities of the test chemicals were not decoded until after all data had been generated and submitted to the VMG.
Test chemicals. The set of chemicals used during the transfer phase is listed in Table 1 . Chemicals used during training and transfer phases were chosen by the lead laboratory. For the validation phase, all chemical selection was done by the VMG, without any knowledge or influence from the participating laboratories. Chemical selection was based on predefined criteria relating to chemical reactivity, sensitizing potency diversity and solubility diversity, and the goal to minimize inclusion of chemicals previously assayed in GARD TM skin, while maintaining a diverse and balanced chemical subset with enough data availability from clinical, in vivo and in vitro sources. The chemicals selected for inclusion in the blinded validation phase are presented in Table 2 . All chemicals used during training, transfer, and validation phases were purchased from Sigma Aldrich (St. Louis, Missouri) and in the case of the validation phase, distributed and randomly coded by the VMG. In short, cultivated SenzaCells (ATCC Depository PTA-123875), are exposed in vitro to (the) test chemical(s) of interest for 24 h. Following dose-response measurements of induced cell toxicity, an appropriate and test chemical specific input concentration is defined at non-to low-toxic levels. Genetic material (ie mRNA) is harvested from cells exposed to the appropriate input concentration of (the) test chemical(s) in 3 biological replicates, and the transcriptional levels of the GARD TM skin prediction signature (Johansson et al., 2011) are quantified using the Nanostring nCounter system. The data are analyzed by a Support Vector Machine (SVM) (Cortes and Vapnik, 1995) , which has been appropriately trained on samples generated during technology platform transfer, consisting of expressional profiles generated by the reference panel of chemicals, as described in Forreryd et al. (2016) . Final prediction calls are derived from the mean SVM decision value (GARD TM DV) generated by the biological triplicate samples; any test chemical inducing a positive (!0) mean GARD TM DV is classified as a skin sensitizer.
Consequently, any test chemical inducing a negative (<0) mean GARD DV is classified as a nonsensitizer.
Statistical analysis. After data submission, the within-laboratory reproducibility (WLR), between-laboratory reproducibility (BLR), and predictive performance were calculated. WLR was assessed based on concordance between classifications in the 3 repeated experiments in each laboratory. BLR was assessed based on concordance between the majority classification of each chemical in the 3 different laboratories. Predictive performance was assessed by comparing the prediction results with the classification based on in vivo reference data. Therefore, 2 Â 2 contingency tables (S vs NS) were constructed and sensitivity (probability of predicting S given the reference classification is S), specificity (probability of predicting NS given the reference classification is NS), and accuracy were calculated. In addition, the performance was evaluated based on the positive predictive value (PPV, proportion of positive classifications that are truly positive) and the negative predictive value (NPV, proportion of negative classifications that are truly negative). It was agreed by the VMG, prior to the commencement of the validation phase, to only consider data from valid experiments when assessing WLR, BLR, and predictive performance, while documenting failed runs to report their occurrence and their underlying cause. All statistical analysis and strategic decisions relating to statistical analysis were done by the VMG, without the knowledge or influence of participating laboratories.
RESULTS

Training and Transfer
The method transfer was initiated by sharing of the SOP, webbased dissemination and discussions and material transfers. During the training phase, naïve laboratories were given the opportunity of on-site hands on training for a duration of 4 days, after which continued training pursued with reduced guidance. Naïve laboratories were given a chance to provide feedback on the SOP, and revisions were introduced into a finalized document (Supplementary Material S1). Using the updated SOP, naïve laboratories demonstrated their proficiency in the method by assaying and accurately classifying the transfer phase chemical set (Table 1 , data not shown), estimating the transferability of GARDskin to 100%.
GARD Predictions of Validation Phase Test Chemicals
The results from the blind validation phase are summarized in Figure 1 , presented as generated GARD TM DVs for each tested compound, across 3 independent experiments in the 3 laboratories. A complete classification table, as defined by the results presented in Figure 1 , is attached to this publication as Supplementary Material S2, together with all calculations performed by the VMG of WLR, BLR, and predictive capacity, as summarized below. Each compound within each experiment across the different laboratories generated a classification (sensitizer [S]/nonsensitizer [NS]) or a missing value (N/A). From a total of 252 unique assessments, 12 missing values were generated. Missing values originated from solubility issues (dextran, all 3 experiments at Eurofins and BRT), incompatibility with flow cytometry-based viability assessments due to autofluorescence (citral, all 3 experiments at BRT), or noncompliance with cell viability quality control criteria defined by the SOP (2-bromo-2-gluataronitrile and 4-(methylamino)phenol sulfate, in 2 and 1 experiments at BRT, respectively). Based on this data, the failure rate was estimated to 4.7%. Missing values were excluded when estimating the prediction model performance, as agreed by the VMG in advance of the validation study.
Within-Laboratory Reproducibility WLR calculations were based on concordance between experiments. The result of a test chemical was considered concordant if 3 experiments generate the same outcome, irrespective of the true class of the test chemical. Based on the available data, WLR was estimated to 82.1%, 88.9%, and 83.3%, for SenzaGen, Eurofins, and BRT, respectively.
Between-Laboratory Reproducibility BLR calculations were based on concordance between each laboratory's majority outcome from 3 experiments. The result of a test chemical was considered concordant if all laboratories generate the same outcome, irrespective of the true class of a test chemical. Based on available data, BLR was estimated to 92.0%.
Discordant prediction results between the laboratories were observed for benzyl benzoate (false negative, SenzaGen) and vanillin (false positive, SenzaGen). Although binary classifications indicate dissimilarities, it is noticed that generated signals (GARD TM DV) are highly reproducible ( Figure 1 ). As such, no apparent technical variation could be attributed to observed discrepancies.
Predictive Capacity
Predictive capacity calculations were based on concordance between each laboratory's majority outcome from 3 experiments and the true class of each test chemical. Contingency tables are presented in Table 3 . The predictive accuracy was estimated to 89.3%, 96.3%, and 96.0%, for SenzaGen, Eurofins, and BRT, respectively. Taken together, the cumulative accuracy was estimated to 93.8%. Similarly, the method's cumulative sensitivity and specificity was estimated to 92.7% and 96%, respectively. The PPV and NPV for each laboratory was 94.4% and 80.0% (SenzaGen), 100.0% and 88.9% (Eurofins), and 100.0% and 88.9% (BRT).
Predictive Capacity (Historical Data)
In order to increase the confidence in reported data and to support estimated figures of predictive capacity, the GARD TM skin validation report was complemented with historical data, generated by the lead laboratory and analyzed using the GARD TM assay SOP v.05.01. The results are attached to this publication as Supplementary Material S3. In short, the predictive performance was summarized as follows: accuracy, 95.8%; sensitivity, 100.0%; specificity, 92.3%; PPV, 91.7%; NPV, 100.0% (1 false positive, n ¼ 24). Of important note, the obtained results were identical to those previously published (Forreryd et al., 2016) .
DISCUSSION
Predictive toxicology is a field that seeks to identify hazards associated with chemical exposure. Traditionally, predictive toxicology has been conducted primarily using animal experimentation. However, due to legislation, public opinion, concern for human environmental health, and economic interests, there is not only a desire, but also a demand that toxicologists move away from animal tests and replace these with novel assays based on state-of-the-art technologies. Decades of intensive research have resulted in a good understanding of the key biological mechanisms associated with and required for skin sensitization induction and progression. This knowledge has been used for the development of the OECD AOP for skin sensitization.
A variety of nonanimal test methods that seek to reflect the various KEs of skin sensitization are available as OECD TGs. Furthermore, several testing strategies have emerged that combine the data from 2 or more of these test methods in the context of integrated approaches to testing and assessment (IATA) for skin sensitization (OECD, 2016) , which in their practical implementation are referred to as integrated testing strategies (ITS) or DA. Despite these developments, there is more to be done in the development of novel nonanimal tests for hazard identification. Furthermore, a key remaining challenge is the accurate assessment of the skin sensitizing potency of contact allergens using in vitro test methods. GARD TM skin is an assay for assessment of skin sensitizers, based on in vitro chemical exposure of DC-like cells. The assay interrogates high informational content gene expression data and provides machine-learning-assisted classifications based on pattern recognition, by utilizing a training data set and a predictive genomic biomarker signature, both interconnectedly defined during assay development. The aim has been to provide a more holistic examination of the biological changes that are associated with exposure to contact allergens than can be expected from methods that are based upon the exclusive use of a single endpoint.
In the present study, we report the results from an interlaboratory ring trial. The study was conducted by strict adherence to OECD GD and aims to provide the basis for a formal regulatory validation of the GARDskin assay.
In summary, GARD TM skin was found to be transferrable from the lead laboratory to 2 naïve laboratories, both of which were able to reproduce the expected outcomes from a limited set of chemicals used for training and demonstration of proficiency. Following the closure of a subsequent blind validation phase, comprising a larger set of chemicals across 3 independent experiments, GARD TM skin was found to be reproducible, with a WLR ranging between 82.1% and 88.9%, and an interlaboratory concordance of 92.0%. Lastly, GARD TM skin was found to exhibit predictive accuracies ranging between 89.3% and 96.0%, with a cumulative accuracy of 93.8%. Examining the discrepancies between the laboratories, valid predictions could not be consistently obtained for 3 of the substances. Dextran were deemed inapplicable by 2 of the laboratories due to solubility issues. Because ocular inspection is used to determine if compounds are dissolvable in vehicle solutions, results will be affected by the laboratory personals subjective judgement, which is likely the reason for this obtained difference. Citral was another substance that was not consistently analyzed by all laboratories. In one of the laboratories, the substance was deemed inapplicable in all 3 experiments due to difficulties in determining suitable exposure concentration caused by autofluorescence during the flow-cytometry analysis. Autofluorescence was also reported by the other 2 laboratories but no definitive explanation could be identified for the conflicting outcomes. Finally, though all laboratories reported challenges when analyzing 2-bromo-2-glutaronitrile due to steep response curves during the viability assessment, only 1 laboratory failed to identify a suitable exposure concentration within the acceptable time frame. It is possible that improved strategies for approaching difficult chemicals could further increase the consistency between laboratories.
The prediction performance attained by the GARD TM skin assay in this study should be regarded as comparable and competitive to the results produced by currently validated methods. Considering an excerpt of historical predictions on the set of herein studied substances, currently validated assays reached accuracies of 81% (n ¼ 26), 96% (n ¼ 27), and 89% (n ¼ 27) for DPRA, Keratinosens, and h-CLAT, respectively . Notable discrepancies compared with expected outcomes include 3-dimethylaminopropylamine (false negative, DPRA), ethylene diamine (false negative, GARD TM skin), isoeugenol (false negative, h-CLAT), benzyl benzoate (false negative, DPRA, and h-CLAT), eugenol (false negative, Keratinosens), kanamycin (false positive, DPRA), and salicylic acid (false positive, DPRA and h-CLAT). Although a review of historical data is preferably performed in a large chemical space in conjunction with a mechanistic discussion of reasonable explanations, such metaanalysis of historical data is outside of the scope of this article. However, ambitious efforts toward this end have recently been made (Roberts, 2018) . Results obtained in this study closely mirror previous estimations of its predictive accuracy (Forreryd et al., 2016; Johansson et al., 2014 , which, in comparison with the current state of the art, must be considered consistently high and . Predictive accuracies of included in vitro methods, including the 3 adopted TGs, ranged between 73.4% and 78.6% when predicting human hazard. Originally, the loss of the holistic approach provided by animal models was believed to result in alternative methods with lower predictive performances. Therefore, testing strategies incorporating multiple alternative methods and other physicochemical properties of test substances, representative of the known mechanisms required for the induction of sensitization, were proposed (Jowsey et al., 2006) . The initially suggested methods were also designed to provide frameworks for ranking substances by their relative potency, which is still lacking in nonanimal alternatives. Since the early proposals of ITSs, the concept has been widely developed and multiple strategies employing different alternative test methods have been presented both for hazard identification and for hazard characterization (Ezendam et al., 2016) .
Nonetheless, though the development of nonanimal alternatives has resulted in test methods achieving predictive performances in level with or above those attained by animal models, there is still a lack of confidence in their performance. This is particularly due to the belief that most alternative methods still only monitor a single mechanism or KE required for the induction of skin sensitization. Therefore, none of the currently validated test methods have been recommended for stand-alone use, and integration of test results is still advocated. In this context it is important to note that the study conducted by Cosmetics Europe also included an evaluation of several proposed DAs . In the same chemical test set as used to evaluate individual assays (n ¼ 128), proposed DA accuracies ranged between 75.6% and 85.0%.
These recent estimations of both individual predictive capacities and those generated by DAs are consistent with historical data from previous compilations (Natsch et al., 2013; Urbisch et al., 2015) . Furthermore, a meta-analysis of historical data, studying coherent chemical subsets, shows that ITSs primarily based on a majority vote prediction model fail to increase the predictive capacity to and beyond the levels of the otherwise best performing assay (Roberts, 2018) . We have previously argued that the benefits of ITSs and DAs appear to be consistently overestimated in the literature, among regulatory bodies and in the scientific community . Evidence indicate that this is true both in terms of added value with respect to predictive capacity, as readily available data show, but also in terms of the notion that accurate safety assessment must rely on a complete mechanistic monitoring of all KEs of the AOP. Such information is in no way forwarded to the prediction model, which in the most advocated cases are solely constituted by a majority vote classification. Taken together, we encourage the field to further question the current paradigm in predictive toxicology. Naturally, a final recommendation on the regulatory adoption of GARD TM skin will be subject to a thorough peer review of the submitted validation report by regulatory bodies within the frames of the current paradigm. However, a critical review of the possibility of relying on standalone tests for hazard assessment in the future, if a sufficiently predictive assay is readily available, is welcomed and encouraged. It is appropriate to emphasize the unique technology features, which support the high observed predictive accuracy of GARD TM skin. The data-driven assay development, the high informational content readout, and the machine-learning assisted prediction model. First, the genomic biomarkers utilized as predictors were identified by a data-driven approach, as opposed to the hypothesis-driven designs utilized in previously validated methods. In this context, the biomarker selection and prediction model design were not driven by a priori knowledge, eg, an assumption that expression levels of certain disease-associated genes or proteins would change following chemical exposure. Rather, genome-wide data generated by a reference panel of chemicals were interrogated to learn actual measurable effects, in the context of the specified cellular system. Although certain molecules previously described as relevant, eg, CD86 and signaling entities controlled by the NRF2-pathway, were indeed identified, a data-driven and high-dimensional analysis allowed for a holistic view of induced transcriptional effects. As a direct consequence, this also relates to the second unique feature of GARD TM skin, which is the high informational content. Generating high-dimensional data allows for models that generalize well. In context, this is an acknowledgment to the fact that sensitizers are indeed quite heterogenous and may induce unique responses depending on a variety of factors . Thus, although not all genes may be affected in the same way by all chemicals, when studied collectively, the GARD TM skin prediction signature allows for a distinct separation between sensitizers and nonsensitizers, whereas assays relying on few biomarkers would fail to accurately classify certain test chemicals whenever the measured biomarker(s) fail to respond as hypothesized. The third unique feature of GARD TM skin relates to the prediction model, which is based on state-of-the-art machine learning technology and pattern recognition. Although these techniques are today ubiquitously utilized within almost every aspect of modern technology and innovation, including pure in silico applications for chemical risk assessment, to the best of our knowledge, it is still only utilized by GARD TM skin in the context of in vitro hazard assessments.
These types of techniques allow for a streamlined, scientifically robust, and statistically correct methodology for interpretation of high-dimensional data, which would otherwise be prone to overfitting.
In conclusion, investigations reported here summarizes the results generated in an inter-laboratory ring trial of GARD TM skin. It was established that GARD TM skin is transferable, reproducible, and highly accurate.
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